Introduction Reduced concentrations of glucose-6-phospate dehydrogenase (G6PD) render erythrocytes susceptible to hemolysis under conditions of oxidative stress. In favism, the ingestion of fava beans induces an oxidative stress to erythrocytes, leading to acute hemolysis. Discussion The simultaneous occurrence of methemoglobinemia has been reported only scarcely, despite the fact that both phenomena are the consequence of a common pathophysiologic mechanism. The presence of methemoglobinemia has important diagnostic and therapeutic consequences. We report a previously healthy boy who presented with combined severe hemolytic anemia and cyanosis due to methemoglobinemia, following the ingestion of fava beans. His condition was complicated by the development of transient acute renal failure. A G6PD-deficiency was diagnosed. We review the literature on the combination of acute hemolysis and methemoglobinemia in favism. Pathophysiologic, diagnostic, and therapeutic aspects of this disorder are discussed.
Introduction
Glucose-6-phospate dehydrogenase (G6PD) is an intracellular enzyme that plays a key role in the protection of erythrocytes against oxidative stress. Reduced concentrations of G6PD render erythrocytes susceptible to hemolysis under oxidative conditions induced by oxidant drugs, infection, or ingestion of fava beans. The latter is known as favism [5] .
Favism is characterized by acute hemolysis, hemoglobinuria, anemia, and jaundice. Headache, nausea, back pain, chills, and fever may be present [13] . Although elevated methemoglobin (metHb) levels have been observed during the hemolytic crisis of favic patients [6, 11] , textbooks and recent review articles do not mention symptomatic methemoglobinemia as a clinical feature [5, 13] . However, the presence of methemoglobinemia has important diagnostic and therapeutic consequences.
We report a previously healthy child who presented with combined severe hemolytic anemia and cyanosis due to methemoglobinemia following the ingestion of fava beans. Moderate G6PD deficiency was diagnosed subsequently.
cabbage and fava beans. There was no history of jaundice and the boy was not on medication. Family history was negative for jaundice and blood diseases. His parents both tested negative for thalassemia.
Physical examination revealed an irritable child (weight 13 kg, body length 84 cm). He was pale and jaundiced and his lips were cyanotic. He had a body temperature of 38.3°C, heart rate of 136/min, respiratory rate of 40/min, and an arterial blood pressure of 120/72 mmHg. There was no respiratory distress. Auscultation of his heart and lungs revealed a systolic murmur and normal breathing sounds. There was no hepatosplenomegaly.
Oxygen saturation (SatO2), measured with a pulse oximeter (V24C, Agilent Technologies, Bäblingen, Germany), varied between 70% and 83%, and did not increase after application of a non-rebreathing mask with 15 L/min oxygen. Capillary blood gas results were pH 7.27, PCO 2 4.1 kPa, bicarbonate 14 mmol/L, and base excess −11.7. The plasma hemoglobin level was 3.9 mmol/L (reference value, 6.0-9.0 mmol/L) and the plasma hematocrit was 0.20 L/L (reference value, 0.34-0.42 L/L). Results of further laboratory investigations are listed in Table 1 . Urinalysis showed the presence of both bilirubin and hemoglobin. A chest X-ray was normal. Methemoglobinemia was suspected because of the oxygen-resistant cyanosis without respiratory compromise or abnormalities on chest X-ray. Due to a technical error in the laboratory, the methemoglobin concentration was not determined on admission.
Hospital course and outcome
The diagnosis of severe acute hemolytic anemia was made. The patient was transfused with 200 mL erythrocytes, increasing the levels of hemoglobin and hematocrit to 5.3 mmol/L and 0.25 L/L, respectively. After transfusion SatO2 increased to 90%. Arterial blood gas results were pH 7.44, P a CO 2 3.9 kPa, P a O 2 50.2 kPa, and HbO 2 92%. The methemoglobin level was 6.2% (reference value, <1%). Because methemoglobinemia caused no other symptoms besides cyanosis, it was not treated. The methemoglobin concentration decreased gradually, being 1.4% on day 4.
The development of severe hemolytic anemia shortly after ingestion of fava beans raised strong suspicion on the presence of a G6PD deficiency. Laboratory testing revealed erythrocytic G6PD activity of 0.6 IU/gram Hb (reference value, 3.8-5.9 IU/gram Hb in a child older than 3 months).
On the third day of admission, the patient developed acute renal failure. Maximum creatinine concentration was 232 μmol/L (reference value, 18-35 μmol/L). Initially, the patient was treated with alkalinization and hyperhydration. Because of oliguria the hyperhydration was ceased and furosemide was given intravenously for 1 day. A normal diuresis returned and renal function started to improve. Subsequently, the patient′s general and renal condition recovered completely.
Discussion
This case report illustrates that symptomatic methemoglobinemia may accompany a favic crisis in G6PD-deficient patients. However, recent textbooks and review articles on this topic do not mention this association [5, 13] .
G6PD deficiency is an X-linked enzymatic defect. Antioxidant defense of erythrocytes is dependent on G6PD, which catalyzes the first reaction in the hexose monophosphate shunt, providing reducing power to the cell in the form of reduced glutathione (Fig. 1) will lead to hemolysis. Common precipitants include infection, drug exposure, and, in susceptible subjects, ingestion of fava beans. Divicine, isouramil, and convicine are thought to be the toxic, oxidizing constitutes of fava beans [1] . Several oxidizing agents that induce hemolysis in G6PD-deficient patients may also induce methemoglobinemia [10, 19] . Methemoglobin is a non-oxygen-binding form of hemoglobin that causes a bluish discoloration of the skin and mucous membranes, resembling cyanosis. High concentrations of metHb in the blood may cause tissue hypoxia. MetHb is produced when the oxygen carrying ferrous iron (Fe 2+ ) of the heme group is oxidized to the ferric ion (Fe 3+ ). This oxidative reaction occurs spontaneously in the presence of oxygen. However, in physiological conditions, metHb levels are maintained less than 1% of total hemoglobin by NADH-dependent cytochrome b 5 -methemoglobin reductase. This enzyme accounts for 99% of daily metHb reduction [9] . If an exogenous oxidizing agent overwhelms this reducing system, metHb levels will increase. MetHb formation in favism is attributed to the excessive oxidative stress generated by divicine, which can not be reduced properly by the insufficient G6PD-dependent hexose monophosphate shunt [4] .
A PubMed (US National Library of Medicine, Bethesda, MD, USA) search using the Medical Subject Headings (MeSH) "glucosephosphate dehydrogenase deficiency", "methemoglobinemia", and "hemolytic anemia" yielded several reports describing the combination of methemoglobinemia and hemolysis, precipitated by various agents, mostly oxidative drugs. In one report, dumplings were regarded as the precipitating agent [10] . Using the MeSH terms "favism" and "methemoglobinemia" a PubMed search yielded one study in which methemoglobinemia was reported to be present during favic crises. In seven favic patients, five children and two adults, methemoglobin levels over 5% were found to be present [6] . However, it was not reported whether symptomatic methemoglobinemia was found.
Diagnostic considerations
Measurement of SatO2 with pulse oximetry is not reliable in patients with methemoglobinemia. Pulse oximetry estimates SatO2 by emitting a red light (wavelength of 660 nm) and an infrared light (wavelength of 940 nm), which are respectively absorbed by desoxyhemoglobin and by oxyhemoglobin. MetHb absorbs equally at both wavelengths, which interferes with normal saturation measurement. When metHb level increases above 35%, the SatO2 measured by pulse oximetry reaches a plateau of approximately 85% [9] .
In our patient, the first metHb level measured was 6.2%, which was after 200 mL erythrocyte transfusion. Before transfusion, metHb level must have been 9-10%, taken into account the dilution effect of the transfusion. This metHb level does not explain measured SatO2 to be around 85%. Probably, pulse oximeter function was impaired by other factors, including hyperbilirubinemia and severe anemia [3, 7] .
In contrast to pulse oximetry, co-oximetry, as used for blood gas analysis in most hospital laboratories, is an accurate method to determine SatO2 and metHb levels. A co-oximeter measures light absorbance at four different wavelengths. A peak absorbance of light at 630 nm is used to characterize metHb [20] .
Clinical signs of methemoglobinemia are dependent on metHb levels [20] . Cyanosis caused by methemoglobinemia becomes clinically apparent at a metHb level of 232 μmol/L, which corresponds with 15% of total hemoglobin in healthy subjects [20] . However, patients with severe anemia may experience symptoms at much lower levels, because oxygen-carrying capacity is compromised both by true anemia and by functional anemia due to methemoglobinemia [2, 20] .
Therapeutic considerations
The treatment of acute methemoglobinemia is dependent on the level of methemoglobinemia and the clinical presentation. In asymptomatic patients, the treatment action level is Fig. 1 G6PD and the hexose monophosphate shunt. Antioxidant defense of erythrocytes is dependent on G6PD, which catalyzes the first reaction in the pentose phosphate pathway. This reaction produces NADPH, which donates electrons to glutathione. Reduced glutathione is essential for the reduction of reactive oxygen species, thereby protecting hemoglobin and other erythrocytic proteins from oxidation considered to be 30%. Symptomatic patients (i.e. with clinical or laboratory signs of tissue hypoxia) and patients having concurrent problems that compromise oxygen delivery (e.g. anemia, circulatory failure), should be treated at levels between 10% and 30% [20] .
The treatment of choice is methylene blue. The dose is 1 to 2 mg/kg (0.1-0.2 mL/kg of the 1% solution) infused intravenously over 3 to 5 min [20] . However, in G6PD-deficient subjects, methylene blue should be used with caution. Methylene blue is an oxidant that is reduced by NADPH to its active metabolite, leukomethylene blue. Since NADPH is not sufficiently available in G6PD-deficient subjects, methylene blue cannot be reduced. Consequently, it will act as oxidant, precipitating or worsening hemolytic anemia [12, 15] and being ineffective in reducing methemoglobin levels in G6PD-deficient subjects [8, 17] . If methemoglobinemia is life-threatening, methylene blue administration has still been suggested to be the first-line treatment in G6PD-deficient subjects, starting at a lower dose of 0.3 to 0.5 mg/kg and titrating upward to further reduce methemoglobinemia [14, 20] . Methylene blue may lower methemoglobin levels in these cases, because many G6PD-deficient subjects only have a partial enzyme deficiency. If the hemolysis worsens, methylene blue treatment must be abandoned and exchange transfusion should be considered [20] . In the presence of severe (hemolytic) anemia, transfusion of erythrocytes is indicated to treat both the true and functional anemia.
Our patient developed acute renal failure. Since he had not been treated with nephrotoxic drugs (e.g. aminoglycosides or NSAIDs) we believe that this was caused by a hemoglobinuria-induced acute tubular necrosis. Tissue hypoxia due to severe anemia, as suggested by the metabolic acidosis at presentation, may be an alternative explanation. The absence of other signs of organ failure makes this less likely. Acute renal failure is an important complication of severe hemolysis [21] . It has been reported to occur in severe hemolytic episodes in G6PD-deficient subjects [18] . In children, however, this complication occurs rarely. [11, 13] Hemolysis-induced renal failure may be prevented or treated with adequate fluid repletion and forced alkaline diuresis, in which the urine pH is raised to above 6.5 [21] . In oliguric patients, addition of furosemide or mannitol is indicated. In severe cases, renal replacement therapy may be necessary [13, 16] .
